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ABSTRACT 

The o b j e c t i v e  i s  t o  o b t a i n  p r 3 c e j j  chemis t ry  f o r  t h e  r a p i d  p y r o l y s i s  

o f  coal  w i t h  r e a c t i v e  and n o n - r e a c t i v e  gases f o r  t h e  p r o d u c t i o n  o f  l i q u i d  

and gaseous f u e l s  and chemical  feeds tocks .  The gaseous produc ts  were 

analyzed v i a  an o n - l i n e  GC and t h e  heavy l i q u i d s  were c h a r a c t e r i z e d  by 

HPLC, I R  and GC/MS. The t o t a l  carbon convers ion  was h i g h e r  i n  the  pre-  

sence o f  r e a c t i v e  gases than i n  t h e  presence o f  n o n - r e a c t i v e  gases. The 

heat-up r a t e  o f  t h e  coal  p a r t i c l e s  i n  n o n - r e a c t i v e  g a s i f y i n g  media f o l l o w -  

ed t h e  o r d e r  He>NZ>Ar. The t o t a l  carbon convers ion  f rom New Mexico sub- 

b i tuminous  c o a l  i n  t h e  presence o f  these gases a l s o  f o l l o w e d  t h e  same 

o r d e r .  Exper iments were performed i n  a down-flow, e n t r a i n e d  t u b u l a r  reac-  

t o r  under a wide range of  process c o n d i t i o n s :  7000 t o  IOOOOC,  20-1000 

p s i ,  0.5 - 5 sec. coa l  p a r t i c l e  r e s i d e n c e  t ime.  The e f f e c t s  o f  these pro-  

cess v a r i a b l e s  and t h e  p h y s i c a l  p r o p e r t i e s  o f  the  p y r o l y z i n g  gases on t h e  

y i e l d  and t h e  q u a l i t y  of p roduc ts  from t h e  p y r o l y s i s  o f  New Mexico sub- 

bi tuminous coa l  w i l l  be discussed. 
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INTRODUCTION 

The f l a s h  p y r o l y s i s  o f  coa l  i s  a f a s t ,  gas-phase, n o n - c a t a l y t i c ,  

d i r e c t  coa l  convers ion techn ique  f o r  t h e  p r o d u c t i o n  o f  gaseous hydro-  

carbons and s i g n i f i c a n t  q u a n t i t i e s  o f  aromat ic  l i q u i d  hydrocarbons f o r  

d i s t i l l a t e  f u e l s  and chemical feedstocks.  P y r o l y s i s  i s  a complex process 

du r ing  which severa l  chemical r e a c t i o n s  occur  s imu l taneous ly .  A genera l  

concept o f  t h e  p y r o l y s i s  process i s  shown i n  F i g u r e  1. 

Considerable amount o f  work has been done i n  t h e  p a s t  on p y r o l y s i s  o f  

Coal which was summarized r e c e n t l y  i n  a c l a s s i c  rev iew  by  Howard (1). The 

exper imenta l  techniques,  r e a c t i o n  c o n d i t i o n s  and t h e  coa l  used were so 

d i v e r s i f i e d  t h a t  t h e  i n f o r m a t i o n  a v a i l a b l e  i s  o f  l i m i t e d  va lue  i n  a 

process p o i n t  o f  view. We have, t h e r e f o r e ,  under taken a sys temat i c  

genera l i zed  s tudy t o  m e t h o d i c a l l y  develop and b u i l d  a r e l i a b l e  da ta  base 

on t h e  f l a s h  p y r o l y s i s  o f  coa ls  w i t h  r e a c t i v e  and non- reac t i ve  gases. The 

cho ice  o f  i n e r t  gas i s  based on cove r ing  a range o f  phys i ca l  p r o p e r t y  

e f f e c t s ,  i.e., hea t  c a p a c i t y ,  thermal  c o n d u c t i v i t y  and d i f f u s i v i t y  e t c .  

The cho ice  o f  r e a c t i v e  gas i s  based on the  t ype  o f  gases u s u a l l y  formed i n  

t h e  p y r o l y t i c  r e a c t i o n s  o f  coa l .  The r e s u l t s  o b t a i n e d  f rom t h e  p y r o l y s i s  

of New Mexico sub-bituminous coa l  i n  H2, CH4, He, N2 and A r  atmospheres 

a r e  presented i n  t h i s  paper. 

EXPERIMENTAL 

New Mexico sub-b i tuminous coal  ground t o  l e s s  t h a n  100 mesh and 

vacuum d r i e d  a t  700C was used i n  a l l  p y r o l y s i s  experiments. The u l t i m a t e  

a n a l y s i s  o f  t h e  coa l  i s  g iven i n  Table 1. 

The exper imenta l  equipment used i n  these s t u d i e s  ( F i g u r e  2) i s  a 

h i g h l y  i ns t rumen ted  1-in.- i .d. by 8 - f t - l o n g  e n t r a i n e d  downflow t u b u l a r  re -  

a c t o r  system, which has been desc r ibed  i n  d e t a i l  (2) .  Coal p a r t i c l e s  150 

micrometers o r  l e s s  i n  d iameter  a re  f e d  by g r a v i t y  i n t o  t h e  t o p  of t h e  re -  

a c t o r  f rom a coal  feeder enc losed i n  a h i g h  p ressu re  vesse l .  The p y r o l y -  

s i s  gas e n t e r s  th rough  a preheater ,  c o n t a c t i n g  t h e  coal  p a r t i c l e s  a t  t h e  
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t o p  o f  t h e  8 - f t  r e a c t o r .  The heat t r a n s f e r ,  p y r o l y s i s ,  and secondary 

r e a c t i o n s  t a k e  p l a c e  as t h e  c o a l  and e n t r a i n i n g  gas meet and f l o w  con- 

c u r r e n t l y  down t h e  r e a c t o r .  Below t h e  r e a c t o r  i s  a 3 - f t  f o r c e d  a i r  c o o l -  

i n g  s e c t i o n  i n  which t h e  p r o d u c t - l a d e n  gases are  coo led  t o  2500 t o  30OoC. 

The c h a r  i s  removed from t h e  e f f l u e n t  gas i n  a h i g h  pressure  vessel which 

i s  m a i n t a i n e d  a t  2500 t o  3OO0C t o  p revent  l i q u i d  p roduc t  condensat ion.  

The heavy l i q u i d  p roduc ts  i n  t h e  e f f l u e n t  gas are  removed i i i  two conden- 

sers,  one water coo led  (15%) and t h e  u t n e r  Freon coo led  (-4OoC). The 

remain ing  gases are  t h e n  reduced t o  atmospher ic pressure,  measured v i a  a 

p o s i t i v e  d isp lacement  meter,  and vented t o  t h e  atmosphere. 

The v e l o c i t y  o f  t h e  coa l  p a r t i c l e  th rough t h e  r e a c t o r  i s  c a l c u l a t e d  

by adding i t s  f r e e - f a l l  v e l o c i t y  based on S t o k e ' s  law t o  the  down-flow gas 

v e l o c i t y .  The res idence t i m e  i s  de termined from t h e  l e n g t h  o f  t h e  r e a c t o r  

and the t o t a l  coa l  p a r t i c l e  v e l o c i t y .  

Product y i e l d s ,  as a f u n c t i o n  o f  coal  p a r t i c l e  res idence t ime,  are 

de termined by sampl ing f rom t a p s  l o c a t e d  a t  2 - f t  i n t e r v a l s  a long t h e  

l e n g t h  o f  t h e  r e a c t o r .  The p r o d u c t  a n a l y s i s  i s  accomplished v i a  an on- 

l i n e ,  programmable gas chromatograph (GC) which determines CO, C02, CH4, 

C2H4, C&, and BTX (benzene, t o l u e n e ,  and xy lene)  c o n c e n t r a t i o n s  every  8 

minutes.  Produc ts  h e a v i e r  than BTX (>Cg) can n o t  be measured o n - l i n e  

because o f  condensat ion  i n  t h e  sample l i n e s  and t h e  temperature l i m i t  

(230oC) o f  t h e  gas chromatograph. These produc ts  a re  c o l l e c t e d  i n  t h e  

condensers and ana lyzed a t  t h e  end o f  each exper iment.  Se lec ted  l i q u i d  

samples are s u b j e c t e d  t o  e lementa l  a n a l y s i s  and GC/MS s t u d i e s .  

The d u r a t i o n  o f  an exper iment i s  a t  l e a s t  one hour and steady s t a t e  

i s  ach ieved i n  3 t o  4 minu tes .  Coal f e e d  r a t e s  are u s u a l l y  about 500 

g /hr .  To f a c i l i t a t e  un i fo rm f l o w ,  10% b y  w t  Cab-0-Si l ,  a s i l i c a  f l o u r ,  i s  

added t o  the  c o a l .  The n o n - r e a c t i v e  gases used were t h e  i n e r t  gases, 

argon, he1 ium and n i t r o g e n ;  The r e a c t i v e  gases i n c l u d e d  hydrogen, methane 

and carbon monoxide. Y i e l d s  a r e  based on t h e  percent  o f  t h e  carbon i n  t h e  

f e e d  c o a l  which i s  conver ted  t o  p roduc ts  and de termined as f o l l o w s :  
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Carbon i n  Product ,  g x l 0 0  
% Carbon conver ted  t o  p roduc t=  -- Carbbn-iri TFeT7j-- 

A sum o f  t he  gaseous and l i q u i d  p roduc t  y i e l d s ,  expressed as % carbon 

conver ted,  w i l l  g i v e  the  t o t a l  carbon convers ion due t o  p y r o l y s i s .  From 

feed  ra tes ,  p roduc t  y i e l d s ,  and an e lementa l  a n a l y s i s  o f  t h e  feed coa l  and 

cha r  produced, a complete m a t e r i a l  ba lance can be made. 

RESULTS AND DISCUSSION 

Coal p a r t i c l e s  e n t e r i n g  the r e a c t o r  a re  heated t o  r e a c t i o n  tempera- 

t u r e  by convec t i on  f rom the  preheated gas and by r a d i a n t  heat  from t h e  

r e a c t o r  w a l l .  I n  c a l c u l a t i n g  t h e  coal  p a r t i c l e  heat-up r a t e  due t o  con- 

vec t i on ,  a number o f  exper imenta l  c o n f i g u r a t i o n s  were cons ide red  f o r  which 

heat  t r a n s f e r  c o e f f i c i e n t s  had been determined. These i n c l u d e d  heat and 

mass t r a n s f e r  f rom a f a l l i n g  wa te r  d r o p l e t  ( 3 ) ,  heat t r a n s f e r  t o  a 

f l u i d i z e d - b e d  o f  p a r t i c l e s  ( 4 ) ,  heat  t r a n s f e r  t o  p a r t i c l e s  a t  Reynolds 

numbers g r e a t e r  than 500 ( 5 ) ,  heat  t r a n s f e r  i n  a d i s tended  bed o f  p a r t i -  

c l e s  (6), and t h e  t h e o r e t i c a l  heat t r a n s f e r  between a p a r t i c l e  and a s tag -  

nant  f l u i d .  S ince t h e  Reynolds number f o r  t h e  coa l  p a r t i c l e s  f a l l i n g  

through t h e  gas i n  o u r  work i s  ve ry  low, l e s s  t h a n  10, n e i t h e r  t h e  

f l u i d i z e d - b e d  n o r  the  h i g h  Reynolds number work seemed approp r ia te .  A lso,  

t h e  f l u i d i z e d - b e d  work gave very low heat  t r a n s f e r  c o e f f i c i e n t s ,  which 

were a t t r i b u t e d  t o  excess i ve  bypass ing o f  gas th rough  t h e  bed d u r i n g  t h e  

exper iments ( 7 ) .  S ince t h e  work on d i s tended  beds showed good c o r r e l a t i o n  

o f  data from v o i d  f r a c t i o n s  o f  0.45 t o  0.78, t h i s  appeared t o  p r o v i d e  t h e  

c l o s e s t  approach t o  o u r  exper imenta l  c o n d i t i o n s .  The exp ress ion  used i s  

as f o l l o w s  ( 6 ) :  

NU = 2.06 N R E ~ * ~ ~ ~ N ~ R ~ / ~  

where Nu = Nusse l t  number 

NRE = Reynolds number = %?-"%!I 
?J9 

N ~ R  = P r a n d t l  number = 

c 
I 
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hg = heat  t r a n s f e r  c o e f f i c i e n t  f o r  gas f i l m ,  

Dp = d iameter  o f  p a r t i c l e ,  

K g  = thermal  c o n d u c t i v i t y  o f  gas, 

V = v e l o c i t y  o f  p a r t i c l e  th rough gas ( f r e e  f a l l ) ,  

pg = d e n s i t y  o f  gas, 

ug = v i s c o s i t y  o f  gas, and 

Cpg = heat  c a p a c i t y  o f  gas. 

By s u b s t i t u t i o n  

and 

dT 
= hg A, (Tg-~,), 

dTs = (Tg-Ts) d t ,  

Where 

Cp, = heat c a p a c i t y  o f  c o a l  

M = mass o f  c o a l  p a r t i c l e  

As = area o f  coa l  p a r t i c l e  

Tg = tempera ture  o f  gas 

Ts = tempera ture  o f  coa l  p a r t i c l e  

T i  = i n i t i a l  tempera ture  of coal  p a r t i c l e  

t = t i m e  t o  r a i s e  t h e  p a r t i c l e  tempera ture  f rom T i  t o  T, 

Equat ion (2)  was used t o  c a l c u l a t e  t h e  g a s - f i l m  heat t r a n s f e r  co- 

e f f i c i e n t  between t h e  coa l  p a r t i c l e  and the  preheated  gases hydrogen, 

methane, carbon monoxide, hel ium, n i t r o g e n ,  and argon. The values o f  gas- 

f i l m  heat t r a n s f e r  c o e f f i c i e n t  f o r  v a r i o u s  p y r o l y z i n g  gases under a set  o f  

a r b i t r a r i l y  chosen c o n d i t i o n s  a r e  g i v e n  i n  Tab le  2. Tab le  2 shows t h a t  

f o r  r e a c t i v e  gases, t h e  heat  t r a n s f e r  c o e f f i c i e n t  decreased i n  the  f o l l o w -  

i n g  order :  H2>CH4>CO; f o r  n o n - r e a c t i v e  gases t h e  o r d e r  i s  found t o  be 

He>Nz>Ar. Equat ion  ( 4 )  was used t o  c a l c u l a t e  t h e  coa l  p a r t i c l e  
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temperature as a f u n c t i o n  o f  t ime  and i s  p l o t t e d  i n  F i g u r e  3. F i g u r e  3 

shows t h a t  hydrogen g i ves  t h e  h i g h e s t  heat-up r a t e  and argon t h e  l owes t ;  

among t h e  non- reac t i ve  gases, he l i um g i ves  the  h i g h e s t  r a t e .  A l though 

c a l c u l a t i o n s  o f  t h e  f i n a l  temperature o f  t he  coal  p a r t i c l e  were made, 

these should be cons ide red  as l i m i t i n g  va lues because chemical energy 

exchange and d e v o l a t i l i z a t i o n  a l s o  take  p lace.  

C a l c u l a t i o n s  o f  t h e  r a d i a n t  heat  t r a n s f e r  f rom t h e  h o t  r e a c t o r  w a l l  

t o  t h e  coal  p a r t i c l e s  i n d i c a t e  t h i s  c o n t r i b u t i o n  t o  be about 5 t o  10% O f  

t h e  t o t a l  heat t r a n s f e r .  S ince these c a l c u l a t i o n s  are p robab ly  n o t  accu- 

r a t e  t o  b e t t e r  than +lo%,  r a d i a n t  heat t r a n s f e r  was n o t  i n c l u d e d  i n  t h e  

coa l  p a r t i c l e  h e a t i n g  r a t e  o r  t h e  temperature est imates.  

When p y r o l y s i s  took p l a c e  i n  t h e  presence o f  non - reac t i ve  gases, t h e  

t o t a l  carbon convers ion  f o l l o w e d  t h e  o rde r :  He>Nz>Ar. For  example, a t  

9OOOC and 200 p s i  p ressu re  o f  He, N2 and A r ,  t h e  t o t a l  carbon convers ions 

were: 21.0%, 20.1% and 14.5%, r e s p e c t i v e l y  (Tab le  3). Th i s  i nc ludes  t h e  

y i e l d s  due t o  hydrocarbon gases, ox ides o f  carbon, BTX and heavy l i q u i d s .  

I n  runs us ing  N2 o r  A r  as the  p y r o l y z i n g  gas, d i f f i c u l t i e s  were exper ienc -  

ed i n  measuring t h e  CO produced which arose as a r e s u l t  o f  inadequate 

r e s o l u t i o n  o f  t h i s  component f rom t h e  s o l v e n t  peak (N2 o r  Ar) .  Hence, t h e  

CO y i e l d s  f rom he l i um p y r o l y s i s  runs under i d e n t i c a l  c o n d i t i o n s  were used 

t o  determine t h e  t o t a l  carbon convers ion i n  these cases. Th is  cou ld  

i n t r o d u c e  some e r r o r  i n  t h e  t o t a l  carbon convers ion da ta  f o r  N2 and A r  

p y r o l y s i s  runs. I n  t h e  case o f  r e a c t i v e  gases, t he  t o t a l  carbon conver- 

s ions  were 37.6%, 30.4% and 17.5% r e s p e c t i v e l y  f o r  H2, CH4 and CO atmos- 

pheres. There i s  a s i g n i f i c a n t  i nc rease  i n  t o t a l  conve rs ion  i n  hydrogen 

and methane atmospheres over  o t h e r  i n e r t  gases. Though CO i s  a r e a c t i v e  

gas, no enhancement i n  p y r o l y s i s  y i e l d s  were n o t i c e d  dnder t h e  c o n d i t i o n s  

i n v e s t i g a t e d .  The decrease i n  t h e  gas f i l m  heat  t r a n s f e r  c o e f f i c i e n t  f o r  

r e a c t i v e  and non- reac t i ve  gases and t h e  t o t a l  conve rs ion  bo th  f o l l o w  t h e  

same t r e n d  w i t h i n  each category.  Thus, t h e r e  appears t o  be a r e l a t i o n s h i p  

between t h e  hea t  t r a n s f e r  c o e f f i c i e n t  ( o r  t h e  heat-up r a t e  o f  t h e  coal  

p a r t i c l e s )  and t o t a l  carbon convers ion  ( F i g u r e  4 ) .  
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The e f f e c t  o f  gas p r e s s u r e  on t o t a l  carbon convers ion  was a l s o  i n v e s -  

t i g a t e d  ( F i g u r e  5 ) .  As expected, hydrogen gave t h e  h i g h e s t  carbon conver -  

s ion.  However, i n c r e a s i n g  t h e  hydrogen pressure  f rom 100 p s i  t o  500 p s i  

had l i t t l e  i n f l u e n c e  on t h e  t o t a l  convers ion .  The e f f e c t  o f  p ressure  on 

t o t a l  c o n v e r s i o n  was marked f o r  a l l  o t h e r  gases. The maximum i n  the  t o t a l  

carbon c o n v e r s i o n  and t h e  p r e s s u r e  a t  which it occurs c l e a r l y  seem t o  be 

dependent on t h e  p y r o l y s i s  temperature.  These d i f f e r e n c e s  i n d i c a t e  t h a t  a 

s t r o n g  r e l a t i o n s h i p  e x i s t s  between coal  d e v o l a t i l i z a t i o n  and t h e  t r a n s p o r t  

p r o p e r t i e s  o f  t h e  p y r o l y z i n g  gases. More exper iments are planned t o  

understand these e f f e c t s  on coal  p y r o l y s i s  i n  g r e a t e r  d e t a i l .  

The f l a s h  p y r o l y s i s  o f  c o a l  produces a wide range o f  gaseous and 

l i q u i d  p roduc ts .  The gas s t ream i s  m o s t l y  made up o f  methane, ethane, 

e thy lene,  CO and CO2 bes ides  t h e  e n t r a i n i n g  gas. A t y p i c a l  p y r o l y s i s  

p roduc t  d i s t r i b u t i o n  i s  shown i n  F i g u r e  6. S i m i l a r  p roduc t  d i s t r i b u t i o n s  

were o b t a i n e d  f o r  o t h e r  p y r o l y s i s  atmospheres and o t h e r  cond i tons  (8 ) .  

Among these p y r o l y s i s  p roduc ts ,  e t h y l e n e  showed g r e a t e s t  v a r i a t i o n  i n  i t s  

y i e l d .  T h i s  i s  shown i n  F i g u r e  7. Under a l l  c o n d i t i o n s ,  e t h y l e n e  was 

produced i n  c h a r a c t e r i s t i c a l l y  h i g h e r  q u a n t i t i e s  i n  methane atmosphere 

(wh ich  we t e r m  " f l a s h  m e t h a n o l y s i s " )  than i n  t h e  presence o f  any o t h e r  gas 

used. As h i g h  as 10.5% carbon i n  t h e  feed coal  was conver ted  t o  e t h y l e n e  

a t  825% and 50 p s i  CH4 pressure .  Th is  i s  approx imate ly  two t imes h i g h e r  

t h a n  t h a t  w i t h  t h e  i n e r t  gases under s i m i l a r  c o n d i t i o n s  (10.5% w i t h  

methane and 4.9% w i t h  he l ium) .  From severa l  b lank  exper iments,  i n  t h e  
absence o f  c o a l ,  i t  was de termined t h a t  homogeneous decomposi t ion o f  

methane does n o t  occur  i n  t h e  r e a c t o r  (8).  A f r e e - r a d i c a l  mechanism f o r  

t h e  enhanced y i e l d  o f  e t h y l e n e  d u r i n g  f l a s h  methano lys is  o f  Douglas F i r  

wood, i n  t h e  same p y r o l y s i s  r e a c t o r ,  was r e c e n t l y  proposed (9 ) .  F i g u r e  7 
a l s o  revea ls  t h a t  i n  a l l  cases, t h e  e t h y l e n e  y i e l d  decreased wi th gas 

pressure.  

As expected, h i g h  y i e l d s  o f  gaseous hydrocarbons were o b t a i n e d  when 

p y r o l y s i s  t o o k  p lace  i n  hydrogen atmosphere. The t o t a l  gaseous hydro- 

carbon y i e l d  ranged f r o m  8.9% C a t  800oC and 50 p s i  t o  28.0% C a t  9OOOC 

and 500 p s i .  The y i e l d s  o f  b o t h  ethane and e t h y l e n e  dcecreased w i t h  
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i n c r e a s e  i n  t h e  pressure  o f  hydrogen. I n  n o n - r e a c t i v e  gas media, no 

ethane was produced i n  measurable q u a n t i t i e s  i n  most ins tances .  Among 

n o n - r e a c t i v e  gases, the  y i e l d  s t r u c t u r e  was comparable between he1 ium and 

n i t r o g e n  atmospheres and a r e p r e s e n t a t i v e  case i s  shown i n  Table 3 i n  

which the  produc t  y i e l d s  from t h e  p y r o l y s i s  of New Mexico coa l  i n  var ious  

g a s i f y i n g  media, under i d e n t i c a l  c o n d i t i o n s ,  a re  compared. From the  same 

t a b l e ,  i t  cou ld  be seen t h a t  i n  argon atmosphere, t h e  y i e l d  of gaseous 

hydrocarbons and o t h e r  p roduc ts  are c o n s i d e r a b l y  low. 

The y i e l d  of C 0 2  was about 1 - 2 %  C under a l l  c o n d i t i o n s  i n  the  pre-  

sence o f  a l l  gases w i t h  t h e  e x c e p t i o n  of CO. H igher  y i e l d s  o f  C O 2  were 

ob ta ined ( 7 - 9 %  C )  when t h e  p y r o l y z i n g  gas was CO. Th is  i s  b e l i e v e d  t o  be 

due t o  d i s p r o p o r t i o n a t i o n  o f  CO under the  r e a c t i o n  c o n d i t i o n s .  

The l i q u i d  p roduc ts  ( e x c l u d i n g  process water )  c o n s i s t  o f  two f r a c -  

t i o n s :  t h e  " l i g h t  o i l "  f r a c t i o n ,  b o i l i n g  between 600 and 15OoC,  and t h e  

"heavy l i q u i d "  f r a c t i o n ,  b o i l i n g  above 1 5 0 o C .  Th is  c l a s s i f i c a t i o n  i s  

a r b i t r a r y ,  and v a r i o u s  d i s t i l l a t i o n  ranges are  used by d i f f e r e n t  workers.  

I n  t h e  BNL work, u s u a l l y  more than 9 0 %  b y  weight o f  t h e  " l i g h t  o i l "  i s  

made up o f  benzene, t o l u e n e ,  and xylene, and t h e  "heavy l i q u i d s "  o r  " t a r s "  

c o n t a i n  condensed r i n g  aromat ic  s t r u c t u r e s  and h i g h  molecu la r  weight 

compounds w i t h  h i g h  a r o m a t i c i t y  (10). 

" L i g h t  O i l "  f rom coal  i s  a p o t e n t i a l  source o f  some key chemica ls  

such as benezene-toluene-xylene (BTX). Even though t h e  exac t  mechanism o f  
t h e i r  p r o d u c t i o n  i s  n o t  known, i t  i s  g e n e r a l l y  thought  t o  c o n s i s t  l a r g e l y  

of  secondary p y r o l y t i c  r e a c t i o n s .  Prolonged h e a t i n g  o f  t h e  pr imary  

d e v o l a t i l i z a t i o n  produc ts  induces c r a c k i n g  and i f  hydrogen i s  a v a i l a b l e ,  

s t a b l e  l i g h t e r  p roduc ts  a re  formed. Thus, the  y i e l d  o f  l i g h t  o i l  depends 

on t h e  res idence t i m e  o f  t h e  t a r  vapor i n  t h e  p y r o l y s i s  r e a c t o r  and on t h e  

temperature.  Wi th  longer  res idence t imes,  more l i g h t  o i l  i s  formed a t  t h e  

expense of  t h e  heavy l i q u i d s  ( t a r ) .  Too h i g h  a tempera ture  (>9OOOC)  
r e s u l t s  i n  an inc reased y i e l d  o f  gases a t  the  expense o f  b o t h  l i g h t  o i l  

and t a r .  
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BTX y i e l d  ranged 1-3% C i n  t h e  case o f  CO and n o n - r e a c t i v e  gases; up 

t o  7% carbon i n  t h e  feed was conver ted  t o  BTX d u r i n g  f l a s h  h y d r o p y r o l y s i s  

and f l a s h  methano lys is  exper iments.  The I R  s p e c t r a  o f  l i g h t  o i l s ,  f r e e  

f rom process  water ,  o b t a i n e d  from a s e r i e s  o f  f l a s h  h y d r o p y r o l y s i s  e x p e r i -  

ments w i t h  New Mexico sub-bi tuminous coa l  show ( i )  s t r o n g  a b s o r p t i o n  i n  

the low f requency  range between 900 and 675 cm-1, t y p i c a l  o f  a romat ic  r i n g  

C-H o u t - o f - p l a n e  bending, (ii) s t r o n g  a b s o r p t i o n  i n  the  medium frequency 

range between 1600 and 1580 cm-I  due t o  C=C s t r e t c h i n g ,  d n d  ( i i i )  moderate 

a b s o r p t i o n  betsemi 3100 and 3000 cm-1 c h a r a c t e r i s t i c  o f  t h e  aromat ic  C - H  

s t r e t c h .  Weak a b s o r p t i o n s  a t  2926, and 2853 cm- l  ( a ~ - ~ C H 3 ,  Vas CH2, and 

us CH2, r e s p e c t i v e l y )  i n d i c a t e  t h a t  the  e x t e n t  o f  a l k y l  s u b s t i t u t i o n  i s  

smal 1. 

Phenols,  i f  any, were p r e s e n t  o n l y  i n  v e r y  smal l  amounts i n  t h e  l i g h t  

o i l s  produced from t h e  f l a s h  p y r o l y s i s  o f  New Mexico sub-bi tuminous c o a l .  

The I R  s p e c t r a  o f  l i g h t  o i l s  produced a t  900°C a t  20,  60 ,  and 200 p s i  

showed a b s o r p t i o n  due t o  -OH groups t o  be present  o n l y  i n  the  20 p s i  

sample, and t h i s  spectrum was s i m i l a r  t o  the  one o b t a i n e d  a t  8OO0C and 200 

p s i .  An i n c r e a s e  i n  t h e  hydrogen pressure  o r  res idence t i m e  o f  t h e  

v o l a t i l e s  tends  t o  decrease t h e  amount o f  phenols i n  t h e  produc t  stream, 

and temperatures above 9OOoC and hydrogen pressures  above 50 p s i  f a v o r  t h e  

dehydroxylat ion/decompostion r e a c t i o n s  o f  phenols.  The l i g h t  o i l  f rom t h e  

i n e r t  h e l i u m  p y r o l y s i s  a t  900°C and 50 p s i  had a compos i t ion  q u a l i t a t i v e l y  

s i m i l a r  t o  t h a t  f rom f l a s h  h y d r o p y r o l y s i s  under t h e  same c o n d i t i o n s ,  b u t  

f o r  d i f f e r e n t  reasons: I n  t h e  presence o f  e x t e r n a l  hydrogen, t h e  phenols 

i n i t i a l l y  formed undergo decomposi t ion,  b u t  d u r i n g  i n e r t  gas p y r o l y s i s  t h e  

c o n d i t i o n s  are  n o t  f a v o r a b l e  f o r  i n i t i a l  phenol fo rmat ion .  

Heavy l i q u i d  o r  t a r  i s  an i n h e r e n t  p roduc t  o f  c o a l  d e v o l a t i l i z a t i o n .  

I t s  compos i t ion  i s  much more complex than t h a t  o f  l i g h t  o i l s .  T a r  

accounts f o r  o n l y  a smal l  amount o f  the  carbon i n  t h e  feed coa l  t h a t  i s  

conver ted  (0-5% C ) .  Tars from s e l e c t e d  runs were s u b j e c t e d  t o  d e t a i l e d  

i n v e s t i g a t i o n ,  b u t  t h e  da ta  a v a i l a b l e  a t  p resent  are l i m i t e d .  
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I A b a s i c  problem i n  i d e n t i f y i n g  t h e  i n d i v i d u a l  components i n  a t a r  i s  

t h a t  compounds o f  w i d e l y  v a r y i n g  p o l a r i t i e s  a re  p resent ,  p r e c l u d i n g  GC/MS 

a n a l y s i s  o f  t h e  t a r  as such. By f r a c t i o n a t i n g  t h e  t a r s  on t h e  b a s i s  of 
s o l u b i l i t y  i n  s e l e c t e d  s o l v e n t s  and a n a l y z i n g  t h e  f r a c t i o n s  f o r  i n d i v i d u a l  

compounds, v a l u a b l e  i n f o r m a t i o n  c o u l d  be obtained. 

I n  one scheme o f  s o l v e n t  f r a c t i o n a t i o n ,  t h e  t a r  i s  separated i n t o  o i l  

(hexane s o l  u b l  e) ,  asphal  tenes  (hexane i n s o l u b l e  b u t  benzene s o l u b l e ) ,  and 

pre-asphal tenes (benzene i n s o l u b l e ) .  The y i e l d s  o f  t o t a l  t a r  and t a r  

f r a c t i o n s  f rom s e l e c t e d  p y r o l y s i s  runs a r e  shown i n  Table 4 .  The p r e -  

asphal tenes, which i n c l u d e  compounds o f  h i g h  p o l a r i t y ,  comprise o n l y  a 

very  small p a r t  o f  t h e  t a r .  Except when the p y r o l y s i s  gas i s  methane, an 

i n c r e a s e  i n  t a r  y i e l d  i s  accompanied by an i n c r e a s e  i n  o i l  y i e l d .  The t a r  

y i e l d  from f l a s h  methano ly is  i s  between those from he l ium p y r o l y s i s  and 

from h y d r o p y r o l y s i s .  I n  t h e  case o f  he l ium p y r o l y s i s ,  t h e  t a r  y i e l d  tends 

t o  i n c r e a s e  w i t h  i n c r e a s i n g  pressure.  

The i n d i v i d u a l  components i n  an o i l  sample from t h e  f l a s h  hydropyro-  

l y s i s  o f  New Mexico sub-bi tuminous coal  a t  1000°C and 25 p s i  hydrogen 

pressure  were i d e n t i f i e d  w i t h  c a p i l l a r y  GC/MS which i s  shown i n  F i g u r e  8. 
The peaks are  i d e n t i f i e d  i n  Table 5. Naphthalene i s  t h e  most abundant 

p roduc t  i n  t h i s  t a r ;  h i g h e r - r i n g  aromat ic  compounds and heteroatom con- 

t a i n i n g  spec ie  account f o r  less than 10% o f  the  t o t a l .  No s u l f u r  c o n t a i n -  

i n g  compounds were de tec ted .  The reason f o r  t h e  presence o f  r e l a t i v e l y  

l a r g e  amount o f  acenaphthylene i n  t h i s  t a r  i s  n o t  known a t  p resent .  

CONCLUSIONS 

The conc lus ions  which can be drawn from t h i s  work thus f a r  are as 

f o l l o w s :  

1. Under t h e  same c o n d i t i o n s ,  t h e  t o t a l  carbon convers ion  was h i g h e r  

i n  t h e  presence o f  r e a c t i v e  gases than i n  t h e  presence o f  n o n - r e a c t i v e  

gases. Among t h e  r e a c t i v e  gases, t h e  t o t a l  carbon convers ion  f o l l o w e d  

t h e  order :  H2 > CH4 > CO. Among t h e  n o n - r e a c t i v e  gases, the  t o t a l  

carbon convers ion  f o l l o w e d  t h e  o r d e r :  He> N2> A r .  
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2. P y r o l y s i s  i n  methane was c h a r a c t e r i z e d  by h i g h  y i e l d s  o f  e t h y l e n e  

and l i q u i d  p roduc ts .  As h i g h  as 10.5% carbon i n  the  feed coa l  was conver-  

t e d  t o  e t h y l e n e  a t  8250C and 50 p s i .  The e t h y l e n e  y i e l d  d u r i n g  p y r o l y s i s  

o f  c o a l  w i t h  methane was approx imate ly  two t imes h i g h e r  than t h a t  w i t h  t h e  

i n e r t  gases under s i m i l a r  c o n d i t i o n s  (10.5% CH4 v s  4.9% w i t h  He a t  8250 t o  

85OOC and 50 p s i ) .  

3. Phenols, i f  any, were present  o n l y  jf i  very  smal l  amounts i n  t h e  

l i g h t  o i l  f r a c t i o n  o f  t h e  l i q u i d  products.  I n  t h e  presence o f  e x t e r n a l  

hydrogen, t h e  phenols formed undergo decomposi t ion,  b u t  d u r i n g  t h e  i n e r t  

gas p y r o l y s i s  t h e  c o n d i t i o n s  are no t  f a v o r a b l e  f o r  i n i t i a l  phenol forma- 

t i o n .  An i n c r e a s e  i n  t h e  hydrogen pressure  o r  res idence t i m e  o f  the  v o l a -  

t i l e s  tends  t o  reduce t h e  amount o f  phenols i n  t h e  produc t  stream, and 

temperatures above 9OOoC and hydrogen pressures  above 50 p s i  f a v o r  t h e  de- 

hydroxylation/decomposition r e a c t i o n s  o f  phenols.  

4. I n  t h e  case o f  h e l i u m  p y r o l y s i s ,  t h e  t a r  y i e l d  tends t o  i n c r e a s e  

The t a r  y i e l d  f rom methane p y r o l y s i s  i s  between w i t h  i n c r e a s i n g  pressure .  

those from h e l i u m  p y r o l y s i s  and from h y d r o p y r o l y s i s .  

5. The pre-aspha l tenes ,  wh ich  i n c l u d e  compounds o f  h i g h  p o l a r i t y ,  

comprise o n l y  a very  smal l  p a r t  o f  t h e  t a r .  Except when t h e  p y r o l y s i s  gas 

i s  methane, an i n c r e a s e  i n  t a r  y i e l d  i s  accompanied by an i n c r e a s e  i n  o i l  

y i e l d .  

6. A c o r r e l a t i o n  appears t o  e x i s t  between t h e  t o t a l  carbon c o n v e r s i o n  

t o  gaseous and l i q u i d  p r o d u c t s  and t h e  heat-up r a t e  o f  coa l  p a r t i c l e s  f o r  

i n e r t  gases i n  t h e  o r d e r  o f  He > N2 > Ar .  Uncover ing o t h e r  e f f e c t s  o f  

heat-up r a t e  o f  coa l  p a r t i c l e s  on t h e  p y r o l y t i c  behav io r  o f  c o a l s  r e q u i r e  

f u r t h e r  i n v e s t i g a t i o n .  
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Tab le  1 

U l t i m a t e  A n a l y s i s  ( W t  % D ry )  o f  New Mexico Sub-Bituminous Coal 
Used i n  P y r o l y s i s  Experiments 

Carbon 59.3 
Hydrogen 4.2 
Oxygen a 16.8 
N i t r o g e n  1.2 
S u l f u r  0.8 
P.sh 17.7 

a )  By d i f f e r e n c e .  

Table 2 

C a l c u l a t i o n  o f  Gas F i l m  Heat T r a n s f e r  C o e f f i c i e n t s  
f o r  Va r ious  P y r o l y z i n g  Gases 

Coal P a r t i c l e  S i z e  - 100 micrometers 
Coal P a r t i c l e  I n i t i a l  Temp. - 2OOC 
Gas C o n d i t i o n s  - 9OOoC and 1000 D s i  

Gas hg (Cal /cm2-KO-sec) 

Hy d rogen 2.21 x 10-1 
Methane 2.02 x 10-1 

Carbon D i o x i d e  9.9 x 10-2 
He1 ium 1.73 x 10-1 

Carbon Monoxide 7.7 x 10-2 
N i t r o g e n  7.16 x 10-2 
Argon 4.96 x 10-2 
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Table 3 

Product Y i e l d s  from t h e  F l a s h  P y r o l y s i s  of 
New Mexico Sub-bi tumi nous Coal 

a t  9OOOC and 200 p s i  
Coal Residence Time: 2.4-4.6 sec. 

- 

I 

E n t r a i n i n g  Gas He N2 A r  

% Carbon Conv. t o  Prod. 
CHA 8.1 10.2 
C ? k l  3.5 0 
C;Hg 0 

T o t a l  Gaseous H.C. 11.6 
BTX 1.8 

1.2 
T o t a l  L i q u i d  H.C. 3.0 

LC9 - 

co 
co2 

T o t a l  COX 

4.4 
2.0 
6.4 
- 

0.7 
10.9 

2.7 
0.4 
3.1 

- 

(4.4) 
1.7 
6.1 

2.6 
3.3 
0 
5.9 
- 

2.0 
0.8 
2.8 
- 

(4.4) 
1.4 
5.8 
- 

- - 
T o t a l  Carbon Converted 213 20.1 14.5 

( )CO c o u l d  n o t  be r e s o l v e d  from N2 o r  A r  on t h e  o n - l i n e  GC. 
The values i n  p a r a n t h e s i s  a re  CO y i e l d s  f rom i n e r t  h e l i u m  
p y r o l y s i s  runs  under i d e n t i c a l  c o n d i t i o n s .  Th is  cou ld  
i n t r o d u c e  some e r r o r  i n  t h e  d e t e r m i n a t i o n  o f  t h e  t o t a l  
carbon conversion. 
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Tab le  5 

--- -- _- 
Composi t ion o f  Heavy L i q u i d s  f rom t h e  

F lash  H y d r o p y r o l y s i s  o f  New Mexico Coal 

Peak NO. Component X Peak Area 

1 xy lene 0.54 

2 xy lene 0.27 

3 phenol 3.07 

4 indene 6.45 

5 naphthalene 60.80 

6 q u i n o l i n e  1.15 

7 i s o q u i n o l  i n e  0.29 

a C1-naphtha1 ene 1.25 

9 C1-naphthalene 0.32 

10 b ipheny l  0.03 

11 acenaphthyl  ene 14.98 

12 acenaphthene 1.66 

13 C1-biphenyl lacenaphthene 1.79 

14 f l u o r e n e  2.64 

15 phenanthrane/anthracene 3.82 

1 2 1  
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